The magnetorefractive effect is a change in a sample's reflectivity with applied magentic field. This is caused by the material's index of refraction's sensitivity to magnetic fields. However, measurements of the index of refraction as a function of applied magnetic field have not been previously published. This experimental study measures both the magnetorefractive effect and the index of refraction as a function of applied magnetic field and temperature in a 70 nm thick film of lanthanum strontium manganite La 0.66 Sr 0.33 MnO 3 . Index of refraction characterizations were performed with 633 nm light in magnetic fields ranging from −3 kOe to 3 kOe and near the Curie point, at temperatures from 278 K to 308 K. 
Introduction
Magneto-optics represents the study of the interaction of light with magnetic fields in materials. In 1995, Jacquet and Valet found that the reflectivity and absorbency of infrared light (2 µm) in magnetoresistive materials are influenced by an applied magnetic field [1] at room temperature. This magnetorefractive effect (MRE) was attributed to conductivity changes influencing the index of refraction in the presence of a magnetic field (i.e., through the DrudeLorentz model), though the latter was not specifically measured. Subsequent research focused on magneto-transmission (MT) of magnetoresistive materials at shorter wavelengths in the visible spectrum [2] . MT is a change in transmitted light under application of magnetic field. This may be due to a change in the light reflected, as well as a change in the amount of light absorbed during transmission. Additional MRE experiments followed [3] using light in the visible spectrum [4] . While there is general agreement that changes in resistance influence index of refraction in the longer infrared spectrum, there is disagreement [5] as to why the index changes also appear in the shorter visible spectrum, where magnetoresistance does not influence the index of refraction. While several papers have indicated that applied magnetic fields change the index of refraction [1] [2] [3] [4] [5] , quantitative studies which state the index of refraction changes driving the MRE or MT effects in the visible spectrum have not been published. Papers addressing MRE and MT do not publish sufficient ancillary data to characterize the index of refraction change. Papers have omitted other angle measurements, clear dielectric properties, or multiple angle's reflectivity data. In the course of this work, it was found that this experiment too would not be able to rigorously measure separate index of refraction and extinction coefficients. The lead author was remiss in taking only single polarization measurements. Thus this work reports the index of refraction of LSMO as if the extinction coefficient k is assumed as 0 in the visible spectrum. This is a gross simplification, as the visible spectrum is a region of very high absorption. A rigorous characterizing of the index of refraction and extinction coefficient changes would aid in understanding the physics controlling MRE as well as guide the development of optical devices relying on MRE. This study's weaker characterization hopefully will inspire further study on the topic. Table 1 provides an overview of MT and MRE studies since the original discovery in 1995. Notably, in 1996, Kaplan et al. [2] measured the MT in the visible spectrum of Nd 1-x Sr x MnO 3 (x = 0.3) at cryogenic temperatures. Later, Loshkareva et al. [6] studied the MT response of La 1-x Sr x MnO 3 (x = 0.1) over the 2.5 µm to 11 µm spectral range. In 2002, Sukhorukov et al. [7] demonstrated near room temperature MT in La 1-x Cr x MnO 3 (x= 0.33) using a 6.4 µm wave- [1] [2] [3] [4] [5] .
In this study, we experimentally measure the reflectivity of La 1-x Sr x MnO 3 (x= 0.33) (LSMO) as a function of angle, magnetic field and temperature. An index of refraction is fitted to the reflectivity as a function of angle, assuming the index is non-complex. This allows index of refraction to be assessed as a function of magnetic field and temperature. To ease discussion of unit-less index of refraction, we shall use the unit-less unit of "refractive index units" (RIU). MRE measurements were made using a 633 nm laser and show a nearly linear decrease in sample reflectivity as a function of field, decreasing by 0.95% at 5.5 kOe at 288 K, which is near the Curie temperature (T C ) of the LSMO film used in this study [9] . Index of refraction also decreased by 4.8 × 10 −3 refractive index units (RIU) for an applied 3 kOe field at 290 K or a sensitivity of −1.6 mRIU/|kOe|.
Experimental setups
A 70 nm thick film of La 1-x Sr x MnO 3 (x= 0.33) was grown using reactive molecular-beam epitaxy on a 1 mm thick (110) oriented NdGaO3 substrate with the method described by Adamo et al. [9] . The sample was tested using the two setups, shown in Figs. 1(a) and 1(b), for MRE and index of refraction measurements, respectively. Figure 1 (a) shows the fixed angle reflectivity setup's main components [3] . The optical path consists of a laser which shines light through a vertically oriented polarizer, into a cryostat with the sample oriented at 5 • with respect to the laser source, and out of the cryostat onto a photodiode. Two lasers of 1550 nm and 633 nm wavelength were used in this study. These MRE tests consist of sweeping a magnetic field from 5.3 kOe to −5.3 kOe then back to 5.3 kOe for three cycles while the sample's reflectivity was measured with a photodiode. The Magnetic field was measured with a Hall effect probe (not shown in Fig. 1(a) ) placed behind the cryostat and adjacent to the sample. Tests were conducted at fixed temperatures ranging from 275 K to 305 K using an integrated heater and thermal couple for sample temperature control within the cryostat. • between readings and index characterizations. This yields a ±4% uncertainty in base index measurements, but a ±0.04% relative uncertainty or ±0.8 mRIU. Before and during each index test, the electromagnet applied a constant magnetic field with values ranging −2.9 kOe to 2.9 kOe. The sample's temperature was tracked using a surface mounted thermocouple attached to the sample's aluminum holder.
Experimental results
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where R(0) is the zero field reflectivity and R(H) is the reflectivity at the measured field [1] . The data shows a negative MRE value, that is reflectivity decreases as the magnetic field increases, for all temperatures measured. The negative reflectivity is due to UV absorption bands shifting as the electronic structure (specifically, the localized electrons) is modified by magnetic fields as explained by the Jahn-Teller interactions [3] . Comparing the data in Fig. 2 , the slope is approximately −0.11 %/kOe for the cold reading, 275.7 K which increases to −0.18 %/kOe at 288.8 K and decreases to −0.10 %/kOe at the warm reading, 298.0 K. However, the data taken at 298.0 K shows a slight nonlinear response, i.e., the slope increases as the field increases. We attribute this nonlinearity to the influence of the applied magnetic field on T C [10] , which is approximately 290 K [9], [11] . This MRE data has similar trends to previous reports [3] , [12] but with different magnitudes. The differences are attributed to dissimilarities in test setup such as angles of incidence and film thicknesses [13] . Figure 3 shows MRE test data for 633 nm light as a function of temperature for five applied magnetic fields and the setup in Fig. 1(a) . The MRE first increases in absolute magnitude with increasing temperature followed by a decrease after 290 K for all fields studied [3] . The local effect maximums, T M , observed in the figure at are attributable to the Jahn-Teller interactions directly related to the material's susceptibility. The susceptibility is maximal near T C of the material and thus produces a maximum shift in the UV absorption bands. The Fig. 3 inset shows a plot of T M found via polynomial fitting of the local values versus applied field. As one can see, T M increases as the field increases from 0 kOe to 5.0 kOe. We attribute this to the magnetic field's influence on T C by stabilizing the spin states to remain ordered [10] at higher temperatures. Figure 4 shows MRE results as a function of temperature for five applied magnetic fields using a 1550 nm light source and the setup in Fig. 1(a) . This test shows positive MRE for all fields and temperatures as contrasted with the negative MRE values reported in Figs. 2 and 3 . Also, while the trends are similar, the absolute value of the MRE shown in Fig. 4 is an order of magnitude smaller than that shown in Fig. 3 . The reason for both of these (the magnitude decrease and sign inversion) is that there is now a second opposing MRE phenomenon. At longer wavelengths the delocalized electrons' movement i.e. the Drude-Lorentz response, dominates the material's net response. This effect opposes the localized electrons response i.e. the JahnTeller effect. The peak in MRE is caused by the magnetoresistance peaking at T C . The inset shows that the temperature at which peak MRE occurs (T M ), shifts with the applied magnetic field by a similar magnitude amount as reported in the 633 nm characterization shown in Fig.  3 . However, the concavity difference is likely attributed to the Drude-Lorentz effect present in the 1550 nm study but absent in the 633 nm study. As the 633 nm testing showed a stronger net MRE than the 1550 nm testing, 633 nm was used in the second part of this study. . Reflected Intensity and MRE of 633 nm light vs. angle for three passes at different magnetic field conditions. The reflected intensity for no applied field is plotted using the left axis, and the change in reflectivity with applied field is quantified as MRE for the two applied field conditions and plotted with the right axis. Figure 5 shows data from tests performed at 289 K using a 633 nm light source with the test setup shown in Fig. 1(b) . The data represented with asterisks is the reflected intensity (i.e. left axis) vs. angle without an applied magnetic field. All tests were conducted near the Brewster's angle (61.5 • ) to improve the index of refraction characterization. The reflected intensity data shows a continuous and smooth reflected intensity vs. angle of incidence relationship. The index of refraction is determined by fitting a mono-film on bulk substrate reflectivity equation [14] to the reflected intensity vs. angle of incidence data using only non-complex indices, with a fixed film thickness of 70 nm and a substrate index of 2.12 RIU. From literature, there is an expectation that the index of refraction in LSMO is complex [15] . The index changes found here are actually split between both the real and imaginary components. This method of ignoring the extinction coefficient of LSMO finds the fitted index of refraction for the zero field data to be 1.966 RIU. The data represented by triangles and circles in Fig. 5 are the magnetically driven change in reflectivity, the MRE (i.e. right axis) vs. angle for applied magnetic fields of 2.15 kOe and −2.2 kOe, respectively. These MRE values were calculated from the reflected intensity measurements performed vs. the zero field condition for each angle of incidence. The MRE values follow a trend from negative values below the Brewster's angle to positive values above it [13] . All reflectivity changes are attributed to MRE, as there is no polarizer in the reflected light's path. Any polarization rotations from non-linear classical magneto-optical effects will not effect the intensity measurements. The calculated index of refraction is 1.962 RIU at 2.15 kOe while for −2.20 kOe it is 1.960 RIU. Both of these indices with applied magnetic fields are smaller than that measured at 0 Oe.
Index Shift (mRIU) Figure 6 shows the index shift as a function of the magnetic field with the index shift normalized to that measured at H=0 Oe. These values were determined using a similar approach to that presented in Fig. 5 . The Fig. 6 data shows that the index decreases in a linear manner for both positive and negative applied magnetic fields. The average slope in Fig. 6 defines the index of refraction's magnetic sensitivity. This average slope is calculated to be −1.6 mRIU/|kOe| at 290 K and the difference between the positive and negative applied fields is considered minor, and within experimental error. Figure 7 shows the index of refraction's magnetic sensitivity as a function of temperature. Each point is determined by fitting a slope to index characterization sets as a function of magnetic field for different temperatures, as described in Fig. 6 . A Gaussian model defined by
is fitted to the sensitivity vs. temperature data, finding fitted values for: magneto-optical coefficient α = −1.6 mRIU/|kOe|, Currie temperature T C = 288.8 K, and temperature span of the effect T S = 10.2 K. The material's magnetic sensitivity follows a Gaussian profile that initially increases in absolute magnitude up to −1.6 mRIU/|kOe| at T C and then subsequently decreases to 0 mRIU/|kOe| at 310 K. The MRE of the material (see Fig. 3 ) also peaks at T C , reinforcing the assertion that index of refraction dictates MRE changes. The magnitude of LSMO's magnetooptical coefficient α is 120 times larger than and opposite in sign to that of water's, which is 0.013 mRIU/|kOe| [16] . Figure 8 shows the index of refraction vs. temperature for tests performed at zero magnetic field. The index of refraction increases with temperature and there is a noticeable slope change at 291.3 K, i.e., T C . This thermo-optical slope change is most likely driven by the reported thermal-resistance slope change T C [17] . The thermal-resistance change produces a change in the electronic structure which has a direct impact on the index of refraction. Using the data presented in Fig. 8 , a linear thermo-optic model is proposed,
where n C is the index of refraction at the Currie temperature and equals 1.962(80) RIU. The slope dn/dT is defined as,
where β F is the thermo-optic coefficient of the ferromagnetic phase equal to 2.5 mRIU/K, and β P is the thermo-optic coefficient of the paramagnetic phase equaling 0.8 mRIU/K. As one can see, this model accurately captures the experimental trend observed in the figure.
Using Eqs. (2), (3), and (4), a new phenomenological equation describing the index of refraction as a function of magnetic field and temperature can be introduced:
It is expected that n C , α, β F , and β P , are functionally dependent upon a number of parameters especially the wavelength of light. This work addressed the index of refraction of LSMO as only a real value. Equation (5) provides the community a mathematical representation of the material's optical response to applied magnetic fields and temperatures. This model provides an initial platform to further describe and potentially understand MRE effects in the visible spectrum. For applications utilizing MRE, a rough approximation of device sensitivity may now be estimated. For magnetic field sensing, if all the fitted index shifting reported here was from changes in the real spectrum, then when LSMO is coated onto a tapered planar Bragg grating, of the type made by Sparrow et al. which has a 1.9 × 10 −3 mRIU resolution [18] , the resulting device would have a 1.2 |Oe| resolution. As α is so much smaller than either β though, such a sensor would be greatly susceptible to even minute thermal fluctuations.
Conclusion
This paper describes tests to measure the magnetorefractive effect and the index of refraction as a function of temperature and magnetic field for an LSMO thin film. Results show that both effects are maximum at or near the Curie temperature. The film's response is dependent upon the wavelength of light used, which is explained by UV absorption bands shifting and by the IR affecting Drude-Lorenz resistance changes representing competing effects in the visible spectrum. While the index of refraction changes linearly with temperature, there is a discontinuity near the Curie point, which is attributed to the thermal resistance of the material changing. In addition to experimental results, a phenomenological model is presented for the index of refraction as a function of temperature and magnetic field, to guide the design of future novel magneto-optical devices utilizing MRE. Results also support the previous literature assertions that MRE changes are directly related to index of refraction changes.
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